5G New Radio (NR) is an emerging radio access technology, which is planned to succeed 4G Long Term Evolution (LTE) as global standard of cellular communications in the upcoming years. This paper considers a digital signal processing model and a software implementation of a complete transceiver chain of the Physical Uplink Shared Channel (PUSCH) defined by the version 15 of the 3GPP standard, consisting of both baseband transmitter and receiver chains on a physical layer level. The BLER performance of the prototype system implementation under AWGN and Rayleigh fading channel conditions is evaluated. Moreover, the source code of high-level numerical model was made available online on a public repository by the authors. In the paper's tutorial part, the aspects of the 5G NR standard are reviewed and their impact on different functional building blocks of the system is discussed, including synchronization, channel estimation, equalization, soft-bit demodulation and LDPC encoding/decoding. A review of State-of-Art algorithms that can be utilized to increase the performance of the system is provided together with a guidelines for practical implementations.
I. INTRODUCTION
A growing demand for more advanced wireless data transmission services has always been the driver for the development of radio access technology standards. The 5G New Radio (NR) being currently standardized by the 3GPP is designed to extend the 4G LTE spectral efficiency, latency and data rate, as well as expanding the current frequency coverage to millimeter wave (mmWave) frequencies up to 100 GHz. The standardization is focused on providing a support for diversified use cases, including Ultra-Reliable Low Latency Communications (URLLC), Internet of Things (IoT) and Massive Machine Type Communications (mMTC). The worldwide commercial launch of 5G NR is planned for the year 2020.
The Physical Uplink Shared Channel (PUSCH) in 5G NR is designated to carry multiplexed control information and user application data. The structure of the channel specified by the 5G NR standard is a modification of PUSCH channel defined by the 4G LTE standard [1] . The 5G NR provides much more flexibility and reliability comparing to its predecessor, including more elastic pilot arrangements and support for both CP-OFDM and DFT-s-OFDM waveforms [2] . The standard introduced filtered OFDM (f-OFDM) technique, which adds additional filtering to reduce Out-of-Band emission and improve the performance at higher modulation orders [3] . Moreover, modifications in Forward Error Correction (FEC) were imposed to replace the Turbo Codes used in 4G LTE by Quasi-Cyclic Low Density Parity Check (QC-LDPC) codes [4] , which were proven to achieve better transmission rates and provide opportunities for more efficient hardware implementations [5] .
In this paper, a prototype software implementation of the PUSCH channel is provided. The transmitter and the receiver are based on 3GPP 5G New Radio (NR) physical layer specification and implement end-to-end PUSCH channel structure as defined by [6] , [7] . The model considers various receiver algorithms that are used for synchronization, channel deconvolution and symbol detection. The selected algorithms are well founded in the literature and have been successfully used in implementations of the legacy 3G and 4G receivers. It is demonstrated that the same algorithms may be successfully used in implementation of the 5G NR communication system with minor modifications.
II. ASPECTS OF THE 5G NR STANDARD

A. Frame Structure
Similarly as in case of LTE, transmission of 5G NR downlink and uplink data is organized into frames of 10 ms duration, each divided into 10 subframes of 1 ms each. Subframes are composed of a variable number of slots, depending on selected subcarrier spacing ∆ f , which is parameterized in 5G NR. The presence of multiple OFDM numerologies is a new concept comparing to 4G LTE, introduced to provide more flexibility in term of cell size, latency and interference resilience [8] . A slot is built from 14 OFDMA symbols, each prepended with a cyclic prefix. A subcarrier that is located within a passband and is designated for transmission is called a Resource Element (RE) -the smallest unit of the resource grid. A group of 12 neighboring RE in the same symbol form a Physical Resource Block (PRB). Flexible frame structure of 5G NR standard has been shown in Fig. 1 and the OFDM numerology scaling has been summarized in Table I .
B. Pilot Structure
The 5G NR standard defined two types of reference signals associated with transmission of the PUSCH channel.
Demodulation Reference Signal (DMRS) is user specific reference signal with high frequency density. The DMRS is transmitted within dedicated OFDMA symbols only and designated for frequency-selective channel estimation. A number of DMRS symbols within a slot may vary between 1 and 4 depending on configuration, when a denser DMRS symbol spacing in time is designated for fast time-varying channels to obtain more accurate estimates within the coherence time of the channel [9] . In frequency domain, DMRS PRB are mapped within the whole transmission allocation. A spacing between DMRS RE assigned for the same Antenna Port (AP) may be chosen between 2 and 3. In case of 2 × 2 MIMO, the standard allows for orthogonal assignment of RE between AP. Consequently, the receiver may perform partial SIMO channel estimation based on the DMRS RE prior to MIMO equalization, neglecting spatial correlation. The second type of the reference signal is Phase Tracking Reference Signal (PTRS) [10] . The PTRS subcarriers are arranged in a comb structure having high density in time domain. It is used mainly in mmWave frequency bands to track and correct the phase noise, which is a considerable source of performance losses. Usage of the PTRS is optional, as it may lower a total spectral efficiency of the transmission when the effect of phase noise is negligible.
C. Channel Coding
LDPC code is a linear block code defined by a nullspace of a sparse parity check matrix H, so that for each valid codeword d the parity check equation H d = 0 is satisfied. The LDPC code subclass used in 5G NR standard, Quasi-Cyclic LDPC (QC-LDPC), constructs parity check matrices from multiple square sub-matrices, where each can be either a zero matrix or a circulant permutation matrix. In 5G NR, the LDPC code is defined by a lifting size Z c , determining the the sub-matrix size, and the Base Graph (BG) number. The standard defines two Base Graphs, BG1 and BG2, offering a trade-off between codeword length and achievable code rate. Each BG determines the structure of the matrix H through a set of circular shift coefficients V i, j that are defined for each individual permutation sub-matrix.
The encoding and decoding chains in 5G NR defined by [7] have similar structure as the ones used in Turbo code based LTE encoders. The main building blocks of the 5G NR encoder are: codeblock segmentation, CRC attachment, channel coding and rate matching with bit interleaving. The rate matching in the receiver allows for utilization of Incremental Redundancy Hybrid Automatic Repeat Request (IR-HARQ) mechanism, which is implemented by soft-combining of demodulated bits that are accumulated from multiple retransmissions of a given codeblock. A detailed analysis of rate matching design can be found in [12] .
III. TRANSCEIVER IMPLEMENTATION
The transceiver implementation supports multiplexing of multiple User Equipment (UE) with 2×2 MIMO Spatial Multiplexing (SM). The end-to-end data-flow, including transmitter and receiver chains, is shown in Fig. 2 .
A. LDPC Encoder
The key building block of the transmitter that heavily impacts the overall complexity and performance is LDPC encoder. For the sake of the transmitter implementation, the LDPC encoder proposed by Richardson and Urbanke was chosen [13] . The structure of LDPC parity check matrix used in 5G NR standard allows for further simplification of the original encoder structure.
The encoder structure in [13] is based on partitioning of the parity check matrix H of size m × n, where n is a codeword length and m is a number of redundancy bits, into the submatrices:
. Taking into assumption the structure of 5G NR LDPC parity check matrices based on both BG1 and BG2 defined in [7] , the following conditions are true for all configurations:
Because the code is systematic, a codeword vector is given by d = [s, p 1 , p 2 ] T , where s is a vector of information bits and p 1 , p 2 are vectors of parity bits. Taking into account the presented assumptions, a simplified version of LDPC encoder from [13] dedicated for 5G NR can be formulated as:
The term D −1 C in (2) can be pre-computed for a given matrix H using Gaussian elimination and stored in the memory for subsequent iterations. 
B. Baseband Transmitter
The processing performed on physical layer level by the baseband transmitter chain, after LDPC encoding and rate matching, involves scrambling of encoded bits, modulation symbol mapping, DMRS generation and precoding. The procedures are covered in detail by the standard document [6] .
Subcarrier mapped modulation symbols data are OFDMA modulated through IFFT operation. Time domain representations of each symbol are concatenated and filtered using transmit FIR filter to attenuate unwanted Out of Band emission to adjacent frequency bands caused by phase discontinuities and utilization of different numerologies. Filtering may lead to a slight degradation of Error Vector Magnitude (EVM) due to a finite order of the filter [14] . The filter is designed to be a real-valued lowpass FIR with passband edge frequency F pass and stopband F stop given by:
where ∆ f is subcarrier spacing, N PRB is a number of PRB and BW is the transmission bandwidth. Fig. 3 shows magnitude characteristics of the filter designed using the Least Squares method.
C. Baseband Receiver
Consider a two layer transmission with M r = {0, 1} receive and M t = {0, 1} transmit antennas. Once a cyclic prefix removal and OFDM demodulation through IFFT processing have been accomplished, the receiver have to perform an estimation and correction of residual Sample Time Offset (STO) and Carrier Frequency Offset (CFO) [15] . A need for residual synchronization error correction arises from nonideal adjustment of OFDM FFT window and carrier center frequency done by the UE based on synchronization signal bursts [16] . Both CFO and STO corrections at the receiver have to be performed in frequency domain, because a received signal can be a superposition of transmissions coming from multiple UE multiplexed in frequency, each suffering from a specific residual synchronization error. Residual CFO is estimated as a phase rotation between pilot subcarriers belonging to different OFDM symbols and corrected by a circular convolution operation in frequency domain [17] . Residual STO can be effectively estimated using the DFT method [18] .
Once the synchronization errors are corrected, the next stage incorporates a channel estimation and equalization performed in order to compensate the effects of multipath propagation. A preliminary channel estimate based on Least Squares (LS) criterion is done based on pilot subcarriers. Considering a nonoverlapping structure of pilots in spatial domain, the receiver performs a SIMO channel estimation: The LS channel estimate is further used to produce an estimate of SNR, which can be derived using a simple and effective estimator proposed by He and Torkelson [19] , or a more accurate subspace based estimator [20] . The SNR estimateρ[m r , m t ] is first calculated per transmission layer and receive antenna, then averaged in order to reduce the overall complexity of the subsequent blocks. The SNR estimation based on [19] requires calculation of the LS channel estimatê h LS as given by (5) , which is then de-noised using a moving average filter to produce a smoothed channel estimateĥ smooth LS . Then, the noise estimate is derived as:
The Minimum Mean Squared Error (MMSE) channel estimation is performed in order to minimize an error between the actual and estimated channel realization [21] :
where β is a constant depending on the signal constellation, equal to 1 in case of QPSK. The matrix R hh = E{hh H } is a channel autocovariance matrix and I is an identity matrix.
The MMSE estimates of the channelĥ M M SE [m r , m t ] are then interpolated in time and frequency on non-pilot subcarrier positions. Then, the MMSE equalization is executed on data symbols to reverse the effect of MIMO propagation channel [22] Equalized symbols are demapped and permuted through layer demapping operation to form a one dimensional vector containing all data subcarriersx κ, [m r ] from all M t transmission layers and belonging to the same transport block. Each complex constellation point is demodulated using Maximum A Posteriori Probability (MAP) approach to produce values representing beliefs regarding a received bit being 0 or 1, expressed in a form of Log-Likelihood Ratio (LLR). For the sake of the receiver design, a simplified MAP demodulator proposed by Viterbi [23] is used, which approximates logarithmic LLR values of bit b based on the distance difference between the closest constellation points:
where x is a received constellation point, S 0 and S 1 are the sets of ideal constellation points corresponding to 0 and 1 respectively, σ 2 is a noise variance of a subcarrier over which the constellation point being demodulated was conveyed. Soft-demodulated bits are processed using operations specified by 3GPP standard [6] , [7] , including descrambling, deinterleaving and rate unmatching with LLR soft-combining using circular buffer prior to LDPC decoding.
D. LDPC Decoder
Decoding of LDPC codes in practical applications is done based on iterative belief propagation algorithms. An LDPC code can be represented in a form of a bipartite graph with parity check matrix H of size M × N being the biadjacency matrix defining connections between the graph nodes: M rows of the matrix H corresponds to parity check nodes, whereas N columns corresponds to variable nodes, i.e. the received codeword bits. The principle of the belief propagation algorithms is based on iterative message exchange to update A Posteriori probabilities between the variable and the check nodes, until a valid codeword is obtained.
Denote λ n→m (d n ) as a message sent from variable node n to check node m and Λ m→n (d n ) a message sent from check node m to variable node n for a codeword bit d n , where the codeword is given by d = [d 0 , d 1 
•
Step III: Perform hard decision on LLR values λ(d n ) to produce codewordd = [d 0 ,d 1 , . . . ,d N −1 ], such thatd n = 0 when λ(d n ) > 0 ord n = 1 otherwise. If the parity check equation Hd = 0 holds, the algorithm terminates.
The largest part of LDPC decoder's computational complexity is caused by the check nodes updates performed in step I. In a variant of belief propagation called Sum-Product Algorithm (SPA), the check node updates are computed in pairs of received messages in recursive manner [24] , [25] , using a function χ called as the Boxplus operator:
where x i = λ n →m (d n ) is the i-th message connected to the check node m, received from the variable node n . The Boxplus operator is defined accordingly:
For the sake of the presented decoder implementation, a low cost approximation of the term ln(1 + e −|x | ) in (16) by a two piece linear function is used, as proposed by Richter et. al. [26] .
It was confirmed in [27] that the approximation (17) provides several time complexity reduction with negligible performance degradation in AWGN channel.
IV. IMPLEMENTATION PERFORMANCE
Performance of the PUSCH software transceiver implementation was evaluated in term of Block Error Ratio (BLER) metric, defined as a ratio between the number of received code block with failed CRC check to the total number of transmitted blocks. The simulations were conducted considering the system parameters listed in Table II , for selected Modulation and Coding Schemes (MCS) listed in Table III .
Results of the simulations for pure AWGN channel are depicted in Fig. 4 . In this scenario, no multipath fading or user mobility are taken into considerations, so the focus is set on the performance of LDPC decoder part. Obtained curves shows a very sharp waterfall decrease of BLER below some SNR threshold for all considered MCS. A similar results were reported by other 5G NR prototype implementations [28] . Such phenomenon characterizes a well designed communication system based on FEC. Fig. 5 shown the results considering Rayleigh fading, multipath and MIMO propagation characteristics as specified by the Annex G of [29] . The Rayleigh fading distribution of multipath channel taps is obtained using the Sum-of-Sinusoids model [30] . The steepness of the slope of BLER curves is lower than in case of AWGN channel. The performance decrease of the system in case of higher modulation orders is a consequence of several factors, including presence of Intercarrier Interference due to user mobility not compensated by the receiver, finite equalizer precision due to channel matrix singularity, nonideal channel estimate interpolation and variance of parameter estimators.
V. CONCLUSION
A prototype implementation of the 5G NR PUSCH transceiver has been reported in the paper. It was shown that considerable BLER performance can be achieved by using a well-founded algorithms developed for legacy 3G and 4G systems. The structure of PUSCH channel in 5G NR has much greater flexibility comparing to 4G LTE, but the overall transceiver structure remains similar with minor modifications, except for the pilot symbol arrangements and FEC. The authors believe that the outcome of the reported work may be used as a reference for other software or hardware implementations of the 5G NR physical layer. Moreover, the existing model may be further extended by adding a support for the remaining 5G NR physical channels and procedures to form a 5G NR link-level simulator. 
